Techniques to obtain horizontal curve radii were identified and tested in a controlled experimental study. Ten techniques were identified and pilot tested. Eight of those initial 10 were then used to measure 18 horizontal curves on two-lane rural highways in Texas to evaluate fully their accuracy, precision, cost, ease of use, and safety. Statistically, all eight techniques produced equivalent accuracies, but they displayed a wide range in their precision. The costs varied as a function of the number of times each technique would be used in the field, with those techniques with high initial costs becoming more cost-competitive over the long run with many uses. Ease of use was gauged on the basis of the experience gained during this research. Safety was measured on the basis of whether a technique required personnel on the roadway or roadside or whether it allowed personnel to work from an office or inside a vehicle. The recommendations were based on the expected needs of three different groups that use radii information: transportation agencies, accident investigators, and transportation researchers. Within transportation agencies, engineers and planners in the office will probably benefit most from the plan sheet method, whereas field personnel will probably benefit most from using either the advisory speed or a Global Positioning System (GPS) method. Those who estimate only occasionally, such as accident investigators, will benefit most from the compass method. Finally, researchers or others who may have difficulty accessing plan sheets but still require accurate data will benefit from using a GPS.
Many groups, including transportation agencies, accident investigators, and transportation researchers, would find an accurate, quick, and safe method to estimate the radius of horizontal curves particularly useful. Radii measurements are important for
• Setting curve advisory speeds;
• Predicting vehicle operating speeds;
• Spacing curve delineation treatments such as post-delineators (1), chevrons, and raised retroreflective pavement markers;
• Performing highway safety audits; and • Evaluating traffic crashes.
Possibly the most common method of determining the radius of a curve is looking at a set of plan sheets kept at the local department of transportation. Although this is certainly a feasible method for determining curve radii, it can also be time-consuming; moreover, it is somewhat difficult for accident investigators and researchers to gain access to these data. Furthermore, department of transportation field crews that are responsible for maintaining roadway signing and delineation are not typically trained to read these sheets. Therefore, many researchers, accident investigators, and department of transportation field crews use a variety of radius-estimating methods. The accuracy and safety of these methods have not been thoroughly investigated. Therefore, a need existed to identify radius-estimating methods and assess their effectiveness.
The objective of this study was to identify and assess radiusestimating methods. Factors considered included accuracy and precision, cost, ease of use, and safety.
PROCEDURES
A total of 18 horizontal curves were studied for this research. The curves were located on two-lane rural highways maintained by the Texas Department of Transportation (TxDOT) in either the Bryan or Waco districts. The horizontal curves were simple in nature without compound curves or spiral transitions. A 2000 Ford Taurus served as the data collection test vehicle for the radius-estimating methods that required driving the curve. General information about the curves is listed below.
• Radius (ft) 
RADIUS-ESTIMATING METHODS
Ten horizontal curve radius-estimating methods were identified, and eight were evaluated for the 18 curves described above. The radiusestimating methods were as follows:
• Basic ball bank indicator (BBI),
• Advanced BBI,
• Speed advisory plate, and • Vehicle yaw rate.
Ball Bank Indicator
A BBI is a curved level commonly used to determine the safe speed of horizontal curves. A BBI measures the combination of lateral acceleration, vehicle body roll, and superelevation in the following relationship:
Each term in the above equation cannot be individually determined from the BBI reading alone. The BBI reading is simply a relationship of these three components. If it were not for the body-roll angle, the BBI reading in degrees would be a direct measure of lateral acceleration (2) . If body roll is neglected, then the radius can be estimated using the point-mass equation from AASHTO's Green Book (3): where R = radius (ft), V = speed (mph), e = average full superelevation, and f = side friction factor.
In the initial BBI research, Moyer and Berry recommended neglecting body roll because "the extreme effect of body roll of various models and makes of cars is only about 1 degree in the ball bank indicator (4) ." Their work was completed in the 1940s, when vehicles had much looser suspensions than typical modern vehicles do. In 1999, Carlson and Mason concluded that the body roll of contemporary vehicles does not significantly influence BBI readings (2) . Because the data collected for this study utilized a typical modern vehicle, a 2000 Ford Taurus, there is little reason to suspect that body roll would contribute significantly to the observed errors. Therefore, for this method, the vehicle body roll was assumed to be negligible.
The above equation requires the superelevation of the curve as an input. The superelevation of each test curve was measured at approximately 100-to 200-ft intervals [from the point of curvature (PC) and point of tangency (PT)] so that a profile of the superelevation could be achieved. The average superelevation was calculated for each direction of travel on each curve by visually inspecting the superelevation profile and averaging only the measurements that were representative of full superelevation.
A digital BBI was used for this study in an attempt to minimize the error in reading older BBIs. Figure 1 shows the digital BBI and two older BBIs that were used for redundancy (and to compare the readings of all three BBIs).
BBI lateral acceleration superelevation body roll = − +
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Advanced BBI
In this approach, the researchers hoped to improve the BBI method by measuring the body roll of the vehicle and incorporating the measurements into the radius estimation. To accomplish this improvement, the researchers used roll-rate sensors to measure the body roll of the vehicle's sprung mass and the roll of the vehicle's fixed suspension. In theory, a roll-rate sensor positioned in the sprung mass of the vehicle would measure the body roll of the vehicle plus the superelevation, whereas a roll-rate sensor positioned on the fixed suspension of the vehicle would measure only the superelevation. The difference of these two methods would result in the body roll. In addition, this method would alleviate the need for a field crew to leave their vehicle to measure superelevation or estimate superelevation. The added features of this method were envisioned to potentially increase accuracy and safety as compared with the BBI method. An example of data measured along one of the test curves is shown in Figure 2 . The data represent the roll rate of the sprung mass and the roll rate of the fixed suspension. These data have considerable variation, even with the data filters positioned at their maximum value. Due to this excessive noise, this method was not pursued further.
Chord Length
With the chord method, a technician stretches a string of known length so that each end just touches the lane edge-line of the horizontal curve. It should be noted that the string can be stretched between any two points between the PC and PT of equal radii. However, both ends of the string must be within the limit of the curve.
FIGURE 1 Ball bank indicators.
After the string is stretched, an offset distance is measured from the middle of the string to the lane edge-line. With the string length and offset known, the curve radius can be calculated by where R = radius (ft), C = length of string (ft), and H = offset distance (ft).
The offset measurements were taken at least twice for both the inside and outside lane edge-lines, giving a minimum total of four radii measurements. These radii were averaged to estimate the curve radius at the centerline.
Compass
The compass method used the measured length of the curve and the compass heading of each tangent approach section to calculate the radius of the curve. The length of the curve was considered to be the average of the lengths measured along the inside and outside lane edge-line paint stripes, and the compass heading was recorded for each tangent approach of the curve. The length of the curve was measured along the inner and outer edges of the road, rather than along the centerline, in an attempt to keep the researcher out of the main traffic lanes. The difference of the two compass headings was calculated in degrees, and the radius of the curve was then calculated by
where R = radius (ft), L = length of curve (ft), and Dc = difference in compass headings (degrees).
Field Survey
A field survey of each of the selected horizontal curves was completed by using a Nikon total station. Within the boundaries of the PC and PT of the horizontal curve, at least three and up to five measurements were recorded on both the inside and outside of the curve. That is, all the recorded points were points on the circular arc, not on the adjacent tangent sections.
The survey rod was placed on the outside of the lane edge-line for the collection of all the data points. The data points were recorded on the inner and outer edge of each horizontal curve in an attempt to keep the researcher out of the main traffic lanes. The actual radius of the curve was assumed to be the average of the inner and outer radii. The radius found by using this method was assumed to be the true radius and was used for comparisons against the other methods.
GPS Unit
Advancements in GPS technology have significantly reduced the price of GPS equipment and increased its accuracy to a point that it is now a feasible option to use in making highway-related measurements. In concept, this method is similar to the compass method in that the curve radius can be estimated from a measured deflection angle and the corresponding curve length-information that can be acquired from typical GPS data streams. where R = curve radius (ft), Δ = curve deflection angle (degrees), PT = curve point of tangent (ft), and PC = curve point of curve (ft).
Advisory Speed Plate
An advisory speed plate is often posted with a curve warning sign. The posted speed value is almost always determined with a BBI (5). Therefore, this method is a version of the BBI method. At least two state agencies use this method to estimate curve radii to set delineation along horizontal curves (6) . Using data from 58 curves in Texas with advisory speed plates, researchers at TTI developed the following relationship to estimate curve radius (6) .
The 18 curves that were used for the other radius-estimating methods were included within this set of 58. The relationship provided above had a goodness-of-fit value of R 2 = 0.876. The relationship shown above and used in this study was derived from data collected on horizontal curves on TxDOT-maintained highways. TxDOT uses a BBI criterion of 10°for the speed advisory recommendations. Therefore, this particular method is limited only to curves with speed advisory values set using a 10°BBI criterion.
Modified Yaw Rate
The modified yaw rate method is a measure of the deflection angle of the curve. With the same roll rate sensors as before, only this time mounted in an inverted position, the deflection angle of the curve was measured as the test vehicle traversed the highway. The data acquisition unit (in this case a VC3000) simultaneously recorded the yaw rate (degrees per second) and the distance traveled along the curve. Essentially, the modified yaw rate method is an automated version of the compass method; however, the compass method required additional time and exposed the field crews to potential hazards on and along the road. The curve was traveled at the posted advisory speed, and the radius of the curve was calculated using the following equation:
where R = the curve radius (ft), L = the roadway curve length (ft), and Δ = the change in roadway direction (degrees).
For the same reasons as noted above in the description of the advanced BBI method (i.e., too much noise in the yaw rate transducer results), this method was not pursued past the initial stages. A system termed the Radiusmeter was developed at the Texas Transportation Institute (TTI) to record GPS data as a vehicle traverses a horizontal curve. The Radiusmeter immediately processes GPS data by means of a microcontroller and solves for the radius of the curve. This system can operate from any vehicle traveling at any speed, which means that a data collection vehicle can travel along with the normal traffic flow. The display of the Radiusmeter is shown in Figure 3 .
Lateral Acceleration
The lateral acceleration radius-estimating method is similar to the BBI method in that the measurement was the unbalanced lateral acceleration rate, or the side friction factor. This assumed that body roll was neglected and that superelevation was known or could be estimated. The lateral acceleration rate was digitally measured every 0.01 second using the VC3000. These measurements were stored in a file along with the vehicle's speed and distance traveled. The lateral acceleration, in highway design terminology, is related to the radius in the following manner:
where R = the curve radius (ft), V = vehicle speed (mph), Lf = lateral force (percentage of gravity, g), and e = superelevation, as a decimal.
Plan Sheet
The plan sheet method determines the radius of a curve by using information provided on as-built plan sheets, which are accessible at local transportation offices. Plan sheets contain information such as location of PC and PT, deflection angle, and tangent length for all horizontal curves. The information provided on plan sheets is usually the as-built information. From this information, each curve radius was calculated. The required information found on the plan sheets was the location of the start of the curve (PC), the end of the curve (PT), and the degrees of turn of the curve (Δ). This information was input into the following curve radius-estimation equation, and the radius of the curve was calculated as follows:
Lf
FIGURE 3 Electronic display of radiusmeter (GPS method).

RESULTS
The objective of this study was to identify and assess radius-estimating methods. Ten were identified: Two were eliminated from full evaluation due to excessive noise in the pertinent data, and the remaining eight were evaluated to determine their relative advantages and disadvantages when surveying a horizontal curve.
Accuracy and Precision
Paired t-tests were performed on the estimated radii for each of the methods and compared with the survey method. Paired t-tests allowed for isolation of systematic error (i.e., those that affect accuracy) from random errors (i.e., those that affect precision). Tests were performed at a 95% level of confidence (i.e., 5% chance of Type I error). None of the methods were deemed to be statistically inaccurate because none were found to be significantly different from the survey method (the average relative error did not exceed 7.5% for any of the comparisons). From a practical point of view, the plan sheet method and the GPS method had the smallest average relative errors: −0.9% and 1.2%, respectively. The precision of the methods can be observed in Figure 4 by focusing on the range of the 95% confidence interval of the mean. Both the advisory speed method and the BBI method had ranges exceeding 20%. The best precision was found with the GPS method (2.65%), followed by the plan sheet method (4.46%).
The radius precision also decreased for most methods as the radius increased. This phenomenon can be observed for each method in Figure 5 , which includes trend lines of the relationship between error and radius size for each method (the trend lines in Figure 5 are not meant to represent statistically robust analyses). The two methods that were most impervious to the radius size bias were the plan sheet method and the GPS method.
Cost
In addition to accuracy, the cost associated with each method had to be considered. Costs included equipment costs, training costs, and labor-hour costs associated with the use of the equipment. Table 1 indicates the costs as they were computed for this analysis. Note that these cost figures were developed by assuming the equipment was dedicated to curve radius estimation. If an agency has multiple uses for the equipment (for example, field survey equipment), this cost would be distributed among the different functions. This additional analysis would have to be performed on an agency-specific basis.
This cost analysis assumes a technician wage of $15/hr and an engineer wage of $30/hr. The analysis neglects travel costs and assumes that technicians will need to be trained regardless of the method. The training times are based on the experience gained during this study.
Not surprisingly, the least cost-effective method is the surveying method, followed by the lateral acceleration method. Likewise, the most cost-effective method is the advisory speed method. The costefficiency of all of the other methods depends on how often the method is used. For instance, the crossover point between the plan sheet method and the GPS method is about 16 curves (i.e., estimating radii for more than 16 curves would be more cost-efficient using the GPS method).
Ease of Use
A somewhat subjective measure, this metric was based on the experience gained collecting data for this study. Ultimately, ease of use is important in eliminating user error. The following discussion provides a brief summary of the experience gained during this study.
The survey method requires that users undergo a significant amount of training before they can measure the radius of a curve. Sophisticated total stations can be overwhelming for the untrained, and atten- tion to detail is necessary. This method also requires some mathematical skills to postprocess the data into a radius estimate. It is probably the most difficult of all the methods to implement.
The chord length method is not as easy to implement as it initially sounds. Vehicular and roadside traffic make the job of stretching the string challenging. For instance, on the outside of the curve, the string stretches into the travel lane. On the inside of the curve, the string stretches over sidewalks. Typically, the painted edge-lines are used as guides in this method. However, there is no guarantee that they are drawn concentric with the centerline of the curve.
The advisory speed method is the easiest method to use. However, it does require that an advisory speed plaque be posted for the curve of interest.
The compass method is also easy to use, although aligning the compass needle along the tangents to get the bearing of the approaching and departing tangents can be challenging.
The plan sheet method can be surprisingly difficult if the plans are not well organized. In this study, it sometimes took more than 2 h to find a particular section of highway in unorganized as-built plans. Furthermore, this method can be difficult for individuals without a working relationship with the local transportation agency.
The BBI method is also easy to use (assuming the field technicians have experience setting advisory speeds). It does require some calibration with respect to installing the BBI level in the vehicle and, because of this, it can be time consuming to move from one vehicle to another. In addition, the BBI indicator method requires superelevation as an input. The superelevation can be measured (requiring personnel on the roadway) or estimated.
The lateral acceleration method requires a fair amount of training and uses a device that is just as sophisticated as survey equipment. A laptop computer is required in the vehicle to save the data for postprocessing, and the laptop requires special software. In addition, the lateral acceleration equipment must be properly calibrated after it is installed in a vehicle but before any runs along curves are made. The GPS method requires no calibration or external peripherals. The equipment has an activator button, a magnetic antenna (about the size of a computer mouse), and a small box with an LCD screen. Little training is needed to use the system, and it can be easily moved from one vehicle to another.
Safety
The safety of the technicians performing the measurements was another important consideration. This analysis considered only whether the technicians were required to leave their vehicle and take measurements from the roadway or roadside. Keeping technicians off the roadway or roadside was felt to provide an increase level of safety. Methods that required technicians to leave their vehicles include survey, chord length, and compass. Methods that allowed technicians to estimate the radius from their office or from inside their vehicles include BBI, lateral acceleration, advisory speed plate, plan sheets, and GPS.
For the BBI method, it was assumed the superelevation was estimated rather than measured. Therefore, the technicians would not have to leave their vehicles. For this study superelevation was measured only because the researchers preferred an accurate-as-possible data set for analysis and subsequent conclusion development. Estimating the superelevation would result in additional error. It is also important to note that the traditional BBI is a curved glass tube filled with fluid and a steel ball. A vehicle occupant must watch the BBI as the vehicle traverses the curve. Ideally, a second vehicle occupant is responsible for this task. Not having the second vehicle occupant to watch the BBI increases the risks involved in using this method. Electronic BBIs are now available that produce audible sounds when a preselected BBI threshold is reached. An electronic BBI was used in this study, which allowed the drivers to keep their eyes on the road.
FINDINGS
This research evaluated curve radius-estimating methods and tested their relative merits in terms of radius calculation accuracy, precision, cost, ease of use, and safety. The radii estimated from each method were compared to the "true" radii found with the field survey method, which utilized a total station to survey each of the 18 sites.
From the results of this research, the following conclusions were made:
• None of the tested radius-estimating methods provided significantly more accurate results than any of the other methods (using a 95% level of confidence). However, the plan sheet method and the GPS method provided the most accurate results (i.e., the smallest average relative errors) of −0.9% and 1.2%, respectively.
• The findings from the confidence intervals show, however, that there was a practical difference among the precision of the radiusestimating methods. The GPS method had the best precision (2.65%) followed by the plan sheet method (4.46%). The advisory speed plate method had the worst precision (23.48%).
• Furthermore, the precision of some methods was affected by the size of the radius. The only two methods that were not affected by the size of the radius were the plan sheet method and the GPS method.
• The total cost of each method (measured as cost per estimated radius) depends on the frequency with which it is used. Overall, the surveying method was always the most expensive, and the advisory plate method always the most economical. If the method will be used more than 16 times, the GPS method ends up being more costeffective than the plan sheet method (about $10 per estimated radius). If the GPS method is going to be used more than 35 times, it becomes the second most cost-effective method.
• The advisory speed method is the easiest to use; however, not all highway curves have advisory speed plaques. The compass method and the GPS method were also relatively easy to use.
• From a safety point of view, the safest methods minimize the amount of time maintenance crews, accident investigators, or researchers are on the roadway or roadside. The methods that were evaluated in this study that did not require people to be on or near the roadway include BBI, lateral acceleration, advisory speed, plan sheet, and GPS.
RECOMMENDATIONS
The following recommendations are categorized according to different groups that use horizontal curve radii data. The groups include transportation agencies, accident investigators, and transportation researchers. The recommendations consider the needs of each group relative to the research findings.
Within transportation agencies, different subgroups use radii information, and the recommendations given depend on the group. For engineers and designers working in an office environment, the plan sheet method is preferred, because plan sheets are easily accessible to these users. However, when road safety audits are performed in the field or when maintenance crews responsible for curve delineation need to know horizontal curve radii, GPS is the preferred method. It is the most accurate and precise field method, and it is easy to implement using a device like the Radiusmeter. It is not as cost-efficient as the advisory speed method, but the advisory speed method offers poor precision, and advisory speed plates are not provided for all curves. Furthermore, if an agency uses BBI criteria different from 10°(most highway advisory speeds are based on a BBI reading criteria of 10°), the relationship shown in this paper may not be valid. Finally, if an agency plans to measure at least 35 radii, the GPS method becomes the second most cost-effective of those tested.
For individuals such as accident investigators who need to estimate horizontal curve radii only on occasion, the preferred method is probably the compass method (assuming that the relative lack of precision can be tolerated). Although the compass method is not the most accurate or precise, it is easy to use and has a low cost. It does require a technician to be on the roadside and therefore is not the safest method. To achieve significant improvements in accuracy, precision, and safety, infrequent users should consider the GPS method.
Transportation researchers desire reliable and robust data. They also can have difficulty accessing plan sheets when performing research outside of their normal range. Therefore, the GPS method would likely best suit their needs. This method performed the best overall, with minor precision and accuracy losses as compared to surveying (considered to be exact). It also offered significant cost, ease of use, and safety benefits over surveying.
